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ABSTRACT
Interaction between supernova (SN) ejecta and a dense circumstellar medium (CSM) can power
a luminous light curve and create narrow emission lines in the spectra. While theoretical studies of
interaction often assume a spherically symmetric CSM, there are observational indications that the gas
surrounding some SN has a disk-like geometry. Here, we use moving-mesh hydrodynamics simulations
to study the interaction of a SN with a disk and determine how the dynamics and observable signatures
may depend on the disk mass, thickness, and radial extent. We find that simple modifications to
standard spherically-symmetric scaling laws can be used to describe the propagation and heating rate
of the interaction shock. We use the resulting shock heating rates to derive approximate bolometric
light curves, and provide analytic formulas that can be used to generate simple synthetic light curves
for general supernova-disk interactions. For certain disk parameters and explosion energies, we are
able to produce luminosities akin to those seen in super-luminous SN. Because the SN ejecta can
flow around and engulf the CSM disk, the interaction region may become embedded and from certain
viewing angles the narrow emission lines indicative of interaction may be hidden.
Subject headings: hydrodynamics — shock waves — supernovae: general — ISM: jets and outflows
1. INTRODUCTION
Observations of stellar outbursts such as those
from η-Carinae (Davidson & Humphreys 1997) and
events like SN 2009ip (Smith et al. 2010; Foley et al.
2011; Mauerhan et al. 2013; Pastorello et al. 2013;
Margutti et al. 2014) demonstrate that some massive
stars undergo occasional episodes of extreme mass loss.
If a star explodes as a supernova (SN) shortly after such
an eruption, the collision of the SN ejecta with previously
ejected mass can thermalize the ejecta kinetic energy and
power a luminous light curve. The spectra of Type IIn
(Filippenko 1997) and Type Ibn SN (Pastorello et al.
2008) show narrow emission lines, indicative of interac-
tion between the SN ejecta and a slow-moving, dense
circumstellar medium (CSM).
Previous numerical studies of interacting SN have
typically assumed a spherical CSM distribution (e.g.
Chevalier 1982; van Marle et al. 2010; Harris et al.
2016). The ejected mass distribution in η-Carinae, how-
ever, is clearly aspherical. In addition, spectropolarime-
try of SN 2012ip and other interacting SN has been in-
terpreted as evidence of a disk-like CSM geometry (e.g.,
Mauerhan et al. 2014) . An axisymmetric CSM could be
the product of binary interaction; for example, the mo-
tion of a companion star embedded in the envelope of an
inflated star could drive mass ejection primarily in the
equatorial plane (Chevalier 2012; Pejcha et al. 2016).
Asymmetry of the CSM would have several significant
consequence on the observable properties of interacting
SN. The aspherical interaction will thermalize only a
fraction of the ejecta kinetic energy, affecting the lumi-
nosity and leading to viewing angle dependence of the
light curves. Such effects have been explored in the
2D radiation-hydrodynamics simulations of Vlasis et al.
(2016). In addition, if the SN ejecta flows around the
disk and engulfs it, the emission line signatures may be
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hidden from view, at least from certain viewing angles.
It is possible that such ”embedded interaction” could ex-
plain observations of luminous supernovae that lack nar-
row emission features (Quimby et al. 2011)
In this paper, we perform 2D calculations using the
moving-mesh hydrodynamics code, JET, to model the in-
teraction between SN ejecta and a CSM that is assumed
to be distributed in a disk surrounding the progenitor.
We study the propagation of the interaction shock, and
calculate the amount of shock heating for various disk
masses and disk opening angles. We then use the heating
rate to estimate the properties of the resulting supernova
light curves. We show that most of the numerical results
can be well described by simple analytic scalings.
In §2 we detail the numerical methods used to model
the interaction between the supernova ejecta and CSM.
This includes an explanation of the relevant fluid equa-
tions and initial conditions. The dynamics of the super-
nova interaction with the CSM are estimated analytically
and calculated numerically in §3. Estimates of important
physical quantities such as the shock heating rate are pre-
sented and explained in §4. Additionally, we explain the
dependence of these quantities on the aspect ratio and
mass of the surrounding disk. These results are used to
estimate bolometric light curves in §5. Finally, in §6 we
summarize our results.
2. NUMERICAL SET-UP
We carried out numerical calculations using JET
(Duffell & MacFadyen 2011, 2013), a moving mesh hy-
drodynamics code that is effectively Lagrangian due to
the radial motion of computational zones. The code in-
tegrates the equations of two-dimensional (2D) axisym-
metric hydrodynamics
∂t(ρ) +∇ · (ρ~v) = 0, (1)
∂t(ρvr) +∇ · (ρvr~v + P rˆ) = (2P + ρv
2
θ)/r, (2)
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Fig. 1.— Possible distribution of CSM around SN explosion.
Snapshot taken at time t ≈ 1 day since explosion. Red areas
correspond to regions of high pressure and heating. Contour lines
depict log(ρ). Ejecta expands freely along the north and south
poles but collides with the CSM along the equator. Red regions
along the equator are the sites of the strongest interaction and the
greatest amount of heating. Ejecta to disk mass ratio is 100 with
Mej = 10M⊙ and Eej = 1051 ergs.
∂t(rρvθ) +∇ · (rρvθ~v + P θˆ) = P cot θ, (3)
∂t(
1
2
ρv2 + ǫ) +∇ · ((
1
2
ρv2 + ǫ+ P )~v) = 0, (4)
where ρ is density, P is pressure, ǫ is the internal energy
density, and ~v is the velocity. The equation of state is
assumed to be that of a radiation dominated gas, ǫ = 3P .
The initial density configuration consists of outflowing
SN ejecta, a disk, and a surrounding low-density wind
ρ(r, θ, t) = ρej(r, θ, t) + ρd(r, θ) + ρwind(r). (5)
We describe the ejecta density with the broken power-
law profile (Chevalier & Soker 1989) commonly adopted
for core collapse SN
ρej(r, θ, t) =


ρT
(
r
v0t
)
−d
r < v0t
ρT
(
r
v0t
)
−n
v0t < r < vmaxt
0 r > vmaxt
(6)
where
ρT =
(n− 3)(3− d)
4π(n− d)
Mej
(v0t)3
(7)
v0 =
(
2
Eej
Mej
(5− d)(n− 5)
(3− d)(n− 3)
)1/2
(8)
whereMej is the ejecta mass and Eej is the ejecta energy.
We take the exponents to be n = 10 and d = 1 and the
maximum ejecta velocity vmax = 10v0.
The disk density profile is a power law in radius which
cuts off sharply at r = Rd
ρd(r, θ) = α
Md
R3d
(
r
Rd
)
−s
e
2(sin(θ)−1)
h2 e−(r/Rd)
4
(9)
where
α =
√
h−2 + π/4
10.2
, (10)
Md is the disk mass, and Rd is the outer disk radius.
The dimensionless quantity h describes the aspect ratio
of the disk and is equal to the scale height divided by ra-
dius. The exponential sin(θ)− 1 dependence in equation
(9) arises from an assumption that the disk is isothermal
and in pressure equilibrium. That is to say, the vertical
pressure gradient is balanced by the vertical component
of the gravitational force and integrating over this gra-
dient returns a factor of e
2(sin(θ)−1)
h2 in the equation for
density. The constant α provides the correct normal-
ization in the limit of both thin and thick disks, while
the factor e−(r/Rd)
4
creates a smooth density cutoff at
r = Rd.
The wind density is that of a constant velocity outflow
ρwind =
Awind
r2
. (11)
where Awind is a constant chosen to be sufficiently small
(∼ 10−8 g/cm) so that the wind does not significantly
affect the interaction between the ejecta and the disk.
Ultimately, we wish to measure the power deposited
in the disk by shocks, so that we can estimate the lumi-
nosity that may be radiated in the SN light curve. The
shock heating is not directly calculated by the code, but
can be estimated indirectly by evolving the fluid entropy
as a passive scalar (assuming no shocks), and compar-
ing this to the true fluid entropy. Specifically, the shock
heating over a time dt can be written as
dQ =
∫
dV (dǫ − dǫisentropic) (12)
where ǫ is the energy density and ǫisentropic is what the
energy density would be if entropy was conserved. Since
ǫ = P/(γ − 1), where P is the pressure and γ is the
adiabatic index, we can write
dQ =
∫
dV
(dP − dPisentropic)
γ − 1
. (13)
Isentropic pressure can be expressed in terms of the
density and entropy
Pisentropic = ρ
γes. (14)
Pisentropic is calculated at each checkpoint by evolving the
specific entropy s as a passive scalar and resetting it to
ln(P/ργ) at the end of each checkpoint. Then Q˙ is cal-
culated at the beginning of each checkpoint via equation
(13).
3. SHOCK DYNAMICS
3.1. Numerical Shock Dynamics
Figure 1 shows the structure of the ejecta/CSM inter-
action. Heating takes place in a small region near the
equator where the disk and ejecta collide and a strong
shock forms. The disk diverts the ejecta flow, leading
to an hourglass geometry. Figure 2 shows a time series
of the dynamics, where the ejecta is seen to eventually
flow back around the disk edges, engulfing it. As the
ejecta wraps around the disk, the viewing angle at which
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Fig. 2.— Evolution of CSM interaction. Snap shots are taken from the upper left quadrant of figure (1). Red and blue regions correspond
to high and low pressure, respectively. Black contour lines show log(density). In the first two images we see high pressure, and therefor
heating, concentrated in small regions around the equator. The third image shows the CSM beginning to wrap round the outer edge of
the disk, and the last image shows when the CSM has engulfed the disk. For these snapshots we used a mass ratio of Mej/Md = 100 with
Mej = 10M⊙, Eej = 10
51 ergs, and Rd = 10
15 cm.
the interaction is visible begins to decrease. Eventually,
the ejecta surrounds the whole disk and the interaction
is hidden. This can be seen in the final panel of Figure
2. When the mass of interacting ejecta has become com-
parable to the disk mass, the entire disk is accelerated
and swept up with the ejecta. At this point the shock
weakens, the heating drops rapidly, and any narrow lines
from the interaction will have been broadened. Addition-
ally, in Figure 2 it is clear that the interaction is subject
to fluid instabilities. The Rayleigh-Taylor instability is
present in the shocked region between ejecta and CSM,
due to the jump in density between ejecta and CSM (this
instability would also be present for a spherically sym-
metric initial condition). Additionally, the shear at the
surface of the disk appears to generate Kelvin-Helmholtz
instability, which is manifested in Figure 2 as a large
eddy in the second and third panels.
3.2. Shock Propagation: Analytic Scalings
Features of the interaction dynamics, in particular the
position of the equatorial shock as a function of time,
Rs(t), can be understood using analytic scaling argu-
ments. We first consider the regime in which the disk
mass is much smaller than the ejecta mass, Mej ≫ Md.
We assume the ejecta density profile is described by the
power-law in the outer region (v0t < r < vmaxt) of equa-
tion (6), and the disk density is given by the thin-disk
limit of equation (9) with θ = π/2. The evolution of
Rs(t) is then self-similar and its value can be determined
up to a constant by finding where the ejecta density
equals the CSM density, giving
Rs(t) ∼
(
Mej
Md
h(Eej/Mej)
(n−3)/2 t
n−3
Rs−3d
)1/(n−s)
. (15)
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∼ Rd
(
Mej
Md
h
)1/(n−s)(
v0t
Rd
)(n−3)/(n−s)
, (16)
This scaling Rs(t) ∼ t
(n−3)/(n−s) is the 1D self-similar
solution of Chevalier (1982) for ejecta colliding with a
spherical medium. It should not be surprising that a
self-similar solution exists in 2D, as no new scales are in-
troduced until the shock reaches Rd. This scaling should
be valid so long as the swept-up disk mass is sufficiently
smaller than the ejecta mass. In our example, n = 10
and s = 2, which gives Rs(t) ∝ t
7/8.
In the opposite regime, where Mej ≪Md, one expects
a Sedov-Taylor scaling. This can be found by neglecting
the ejecta mass and equating the velocity of the shock
with the ratio of energy to swept-up mass
v2s ∼
[
Rs(t)
t
]2
∼
Eej
ρ(Rs)R3s
. (17)
which leads to the following scaling for the shock radius
Rs(t) ∼
(
Eej h t
2
Md
R3−sd
)1/(5−s)
. (18)
For our value of s = 2 this gives
Rs(t) ∝ t
2/3 (19)
Below we show that these analytic scalings well describe
the detailed numerical results.
3.3. Shock propagation: Numerical Results
Figure 3 shows the forward shock position for the case
of a disk mass equal to the ejecta mass. The analytic scal-
ings of §3.2 well describe the shock propagation. We ex-
pect the evolution should transition from being described
by equation (16) to more closely following equation (18)
at a time that depends on h.
In the low disk mass limit, equation (16) says that
the shock position should scale as Rs ∝ h
1/(n−s), or
Rs ∝ h
1/8 for our fiducial values n = 10, s = 2. We
find a similar scaling at early times in the numerical re-
sults shown in Figure 3. From the figure we can also
see that the transition towards the Sedov-Taylor solution
happens earlier for narrower disks, i.e. a smaller value
of h. The transition time occurs when the swept up disk
mass is comparable to the amount of ejecta mass that
interacts with the disk. The amount of interacting mass
is proportional to the disk’s opening angle and thus h.
This means that as h is decreased, less disk mass needs to
be swept up before the transition between Chevalier and
Sedov-Taylor scalings will occur. After this transition,
equation (18) predicts that the shock position will scale
as Rs ∝ h
1/3. Figure 3, shows that the late-time behav-
ior does not follow the Sedov-Taylor scaling as closely
as the early-time behavior does the Chevalier solution,
suggesting that a more massive disk is needed for the
Sedov-Taylor scaling to reasonably approximate the so-
lution at the times shown.
Our hydrodynamical calculations neglect the effects of
radiation transport, which may influence of the dynam-
ics. In the limit that the optical depth in the interac-
tion region is low enough that radiation can effectively
escapes, we expect the dynamical behavior to approach
4.5 5.0 5.5 6.0 6.5 7.0
log10(t) [s]
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14.0
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lo
g 1
0(
R
s
) [
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]
h = 0.2
h = 0.4
h = 1
∼t7/8
∼t2/3
Fig. 3.— Position of the forward shock front as a function of
time when the disk mass is equal to ejecta mass,Mej = 10M⊙, and
Eej = 1051 ergs. Solid lines show the shock position found from the
numerical models while dashed lines show analytic shock position
found using equation (16) and dot-dashed lines show analytic shock
position found using equation (18). Both analytic lines are offset
by a factor of 1.5. The transition between the two scalings occurs
as the swept up disk mass becomes comparable to the mass of the
ejecta that interacts with the disk.
that of a gamma ≈ 1 fluid. The analytic scaling relations
for the shock position, which are independent of gamma,
may continue to hold to reasonable approximation, but
the structure of the shocked gas will be different. Due to
radiative cooling, the post shocked gas is likely to form
a much cooler, thinner and denser shell, which may lack
sufficient pressure for lateral forces to cause the gas to
flow back around the disk and engulf it. Fully coupled
radiation hydrodynamical calculation will be needed to
accurately capture the evolution, however since we are
interested here primarily in scenarios in which the radia-
tive diffusion time is & the dynamical time, we expect
our numerical hydrodynamical results to provide a fair
approximation to the basic character of disk interaction
4. HEATING RATE FROM INTERACTION
The heating rate resulting from interaction shocks is an
important quantity, as it determines the rate at which the
ejecta kinetic energy is transformed into thermal energy
that can be radiated in the supernova light curve. We can
analytically estimate the power produced by the shock as
Q˙ ∼ PshockvshockAshock, (20)
where Pshock is the pressure behind the shock front, vshock
is the shock velocity (which can be calculated from equa-
tion (16)) and Ashock is the surface area of the shock. For
highly supersonic shocks, Pshock is given by
Pshock ∼ ρd(Rs)v
2
shock. (21)
The shock velocity scales as vs ∼ Rs(t)/t, and the shock
surface area is Ashock ∼ hR
2
s. Putting these together
gives
Q˙ ∼ ρd(Rs)
hR5s
t3
. (22)
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The equatorial disk density profile for a thin disk (equa-
tion (9) with θ = π/2 and h≪ 1) is
ρd(Rs) ∼ h
−1Md
R3d
(
Rs
Rd
)
−s
.
Using this and Rs(t) given by equation (16), we get the
heating rate
Q˙ ∼MdR
2
d
(
v0
Rd
) (5−s)(n−3)
n−s
(
Mej
Md
h
) 5−s
n−s
t
(5−s)(n−3)
n−s
−3
(23)
For the model parameters used here, n = 10, s = 2, this
gives a time dependence of Q˙ ∼ t−3/8.
The shock heating rate can thus be simplified and writ-
ten as
Q˙ =
{
Md
Rd
(
Eej
Mej
)3/2 (
Mej
Md
h
)3/8
(t/t0)
−3/8 t < tsweep
0 t > tsweep
(24)
where
t0 = Rd/v0 (25)
is the characteristic timescale for the ejecta to reach the
outer disk radius.
In Figure (4) we compare this analytic scaling to the
heating rate from our numerical calculations. We find
that the time dependence is reasonably close to the
t−3/8 law predicted, while the dependence on h may be
stronger than predicted. There may be an additional de-
pendence on h which encodes how difficult it is for the
shock energy to flow around the disk. If the energy is al-
lowed to escape around the disk, this reduces the shock
strength and heating rate.
The self-similar ejecta and disk dynamics assumed in
the above analysis will persist only until a time tsweep
when the shock has passed through the entire disk. As-
sumingMd ≪Mej, this time is given by setting Rs equal
to Rd in equation (16)
tsweep ∼
Rd
v0
(
Mej
Md
h
) −1
n−3
. (26)
For a steep ejecta gradient, n ≫ 1, this essentially re-
duces to the crossing time Rdv0 with very weak dependence
on the disk properties.
In the opposite regime where Md ≫ Mej one can set
equation (18) equal to Rd and recover
tsweep ∼
Rd
v0
(
Mej
Md
h
)
−1/2
(27)
In this case, the more massive disk slows the shock and
the sweep-up time depends more strongly on the disk
properties.
5. OBSERVATIONAL SIGNATURES
The energy dissipated by the interaction shock will be
radiated, potentially leading to a luminous supernova
4.5 5.0 5.5 6.0 6.5
log10(t) [s]
42.0
42.5
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43.5
44.0
Q˙
 [e
rg
s 
s−
1
]
h = 0.2
h = 0.4
h = 0.7
∼t−3/8
Fig. 4.— Heating rate as function of time for ejecta interacting
with a CSM disk of mass of Mej/10, where Mej = 10M⊙ and
Eej = 1051 ergs. Solid lines show values calculated using equation
(13) and dotted lines show analytic curves given by equation (24).
100 101
log10(t) [days]
0.00
0.02
0.04
0.06
0.08
0.10
M
u
n
sh
 [M
⊙]
h = 0.2
h = 0.4
h = 1
Fig. 5.— Unshocked disk mass as a function of time for
Mej/Md = 100, Mej = 10M⊙, and Eej = 10
51 ergs. Solid
lines show numerical values while dashed lines show analytic curves
found by integrating the total mass between the shock radius and
infinity.
light curve. Detailed predictions of the observable sig-
natures require multi-dimensional radiative transfer cal-
culations; here we simply provide estimates of some of
the basic behaviors.
Given that the CSM typically moves slowly compared
to the SN ejecta, a signature of interaction is the presence
of narrow emission lines in the spectrum. However, as
the interaction shock travels through the disk, the CSM
is accelerated to SN-like velocities. Once the mass of un-
shocked disk material becomes small, any CSM emission
lines should be significantly broadened and will no longer
be indicators of interaction.
Figure 5 shows the unshocked disk mass over time for
numerical calculations with Mej/Md = 100 and various
values of h. The unshocked disk mass can also be esti-
mated analytically by integrating the total disk mass be-
tween Rs(t) and infinity, and this analytic result is also
plotted in Figure 5. The unshocked disk mass is seen to
6 McDowell, Duffell & Kasen
initially decline gradually with time, then fall of rapidly
at t ≈ tsweep. This sweep-up time, which depends only
weakly on h (equation (26)) provides an estimate for the
latest time one might expect narrow emission lines to be
visible.
The bolometric luminosity of the interacting SN will
depend on the heating rate Q˙. Since the ejecta and CSM
are likely to be optically thick at early times, an esti-
mate of the light curve must take into account radiative
diffusion. As a rough model, we assume that there is a
time, tsn, where the opacity of the material becomes low
enough for the radiation to escape. This timescale is typ-
ically approximated by (Colgate & McKee 1969; Arnett
1979)
tsn ∼ κ
1/2M3/4E
−1/4
ej (28)
Where the opacity κ is typically of order the value for
electron scattering, and the effective diffusion mass M
may include both the disk and the ejecta mass.
Given a diffusion timescale, tsn, and the heating rate
Q˙(t), one can generate a bolometric light curve using the
integral (Arnett 1982)
Lsn(t) = e
−(t/2tsn)
2
∫ t
0
Q˙e(t
′/2tsn)
2
(t′/tsn)dt
′ (29)
where Q˙ is either given by equation (24) or calculated
numerically using fluid properties as discussed in section
4. Similar light curve calculations have been discussed
in Chatzopoulos et al. (2012) and Moriya et al. (2013).
This method is only intended to approximate the effects
of radiative diffusion; more detailed light curve prediction
require full radiation transfer calculations (Vlasis et al.
2016).
Figure (6) shows both analytic and numeric light
curves for h = 0.2, Mej/Md = 100, and different val-
ues of tsn in the range 1-4 days. The model light curves
show the expected dependence on tsn; smaller values of
tsn allow for more of the radiation to escape and increase
the overall luminosity. The light curves using the ana-
lytic heating rate agree reasonably well with those based
on the numerical heating rates.
Figure (7) shows calculated light curves for h = 0.2
and a larger relative disk mass, Mej/Md = 1. The larger
disk mass means that a greater fraction of the SN ejecta
is decelerated and the light curves are brighter. In this
regime, the assumptions made in deriving an expression
for Q˙ no longer hold and the agreement between the ana-
lytic and numeric curves starts to falter. However, when
Mej =Md we are able to reach peak luminosities similar
to those seen in super-luminous SN.
6. DISCUSSION AND CONCLUSION
We have run numerical calculations of the interac-
tion between a supernova and a non-spherical CSM. We
have found that the initial propagation of the interac-
tion shock can be reasonably estimated by the Chevalier
(1982) scalings which depend weakly on the CSM proper-
ties. When the swept up CSM mass becomes comparable
to the ejecta mass, the Sedov-Taylor scalings can be used,
although there is not quite as close a match between an-
alytic predictions and the multi-dimensional numerical
results. These scalings also give an accurate estimate for
100 101
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0.5
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L
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1e42
tsn=0.73 days
tsn=1.82 days
tsn=3.65 days
Fig. 6.— Lightcurves calculated for h = 0.2, Mej/Md = 100,
and Mej = 10M⊙. Colored crosses show lightcurves calculated
using numerical heating rate and lines show lightcurves found using
an analytic heating rate. Different colors correspond to different
values of tsn. For each curve, an ejecta energy of 1051 ergs is used.
10-1 100 101
log10(t) [days]
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1.0
1.5
2.0
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1e44
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tsn=9.2 days
tsn=11.5 days
Fig. 7.— Lightcurves for h = 0.2, Mej/Md = 1, and Mej =
10M⊙. Different colors correspond to different values of tsn. For
each curve we assume an ejecta energy of 1052 ergs.
tsweep, the time when the shock has swept up the entire
disk. For times t > tsweep, the heating from interaction
drops sharply and the any narrow emission lines will be-
come Doppler-broadened to SN-like velocities.
We calculated the rate of heating produced as the inter-
action shock thermalizes the SN kinetic energy and used
this to produce approximate bolometric light curves. We
also presented analytic estimates for the heating rate
that roughly match the results of the numerical simula-
tions. Disagreement between the analytical and numer-
ical heating rates is likely related to the complex multi-
dimensional effects as the SN ejecta flows around the
disk. Our models reinforce the intuition that thicker and
more massive disks will result in greater overall heat-
ing. Although the solid angle subtended by the disk is
proportional to h, the heating rate (for fixed disk mass)
scales sub-linearly, approximately Q˙ ∝ h3/8. This is be-
cause increasing h lowers the disk density, which weakens
the shock heating. For example, confining the CSM to
a narrow disk with h = 0.1 (opening angle ≈ 10◦) pro-
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duces a heating rate that is only ≈ 0.4 times less than a
corresponding spherical CSM of the same mass.
Our approximate bolometric light curves achieve
higher luminosities for disks with more mass and larger
opening angles. For low mass disks with relatively
short diffusion times, we find quickly rising and fad-
ing light curves of moderate brightness. These may be
of relevance to the recently discovered class of rapidly-
evolving transients (Poznanski et al. 2010; Drout et al.
2014; Arcavi et al. 2016). For large disk masses (Md ≈
Mej) and high explosion energies, the luminosity from
interaction can approach that seen in the class of super-
luminous supernovae (Gal-Yam 2012).
An interesting consequence of a disk-like CSM geom-
etry is that the narrow emission lines typically used to
diagnose interaction may, from certain viewing angles,
be hidden from view. In the hydrodynamics simulations,
the SN ejecta is diverted by the densest part of the disk
and flows around it, embedding the primary region of
shock heating. Once the fastest moving ejecta passes the
outer radius of the disk, it can flow back around to engulf
the disk entirely. We speculate that from certain view-
ing angles (those nearer the pole) the narrow emission
lines produced in the slow-moving unshocked CSM will
be obscured by the optically thick SN ejecta. This leads
to the possibility that some super-luminous SN may be
powered by interaction even if they lack the characteris-
tic narrow line signatures. Multi-dimensional radiation
transport calculations will be needed to accurately pre-
dict the spectral signatures.
We reiterate that the basic features of SN-disk interac-
tion dynamics and light curves can be estimated analyt-
ically. The important expressions are the shock position
as a function of time
Rs(t) ∼
(
h
Mej
Md
(
Eej
Mej
)(n−3)/2
tn−3
Rs−3d
)1/(n−s)
and the heating rate, which for typical ejecta density
power-law exponents (n = 10, s = 2) is
Q˙ =
{
Md
Rd
(
Eej
Mej
)3/2 (
Mej
Md
h
)3/8
(t/t0)
−3/8
t < tsweep
0 t > tsweep
where tsweep is determined by when Rs(t) = Rd. These
equations can be used with the approximate light curve
integral equation (29) to estimate the properties of vari-
ous disk and ejecta parameters.
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